The flow fields around a large apex angle, spiked blunt cone have been analyzed at a hypersonic Mach number through experiments in a free piston-driven shock tunnel, and the results are compared with that of a laminar 2-dimensional axisymmetric unsteady Navier-Stokes solver developed in-house. The model geometry is a 120 apex angle blunt cone equipped with two types of spikes -a disc-tipped spike and a conical-tipped spike. The ratio of total length of the spike to model base diameter was kept at 1.00. The free-stream Mach number and Reynolds number (per unit length) in the free piston shock tunnel were 6.99 and 2:46 Â 10 6 , respectively. After measuring the aerodynamic forces on this model, time resolved visualization of the flow was attempted using a high-speed video camera in order to understand the characteristic features of the high-speed flow over the spiked body and to check if any unsteadiness existed in the flow fields. The experimental results indicate slight shock oscillations near the edge of the cone model when it is equipped with a disc spike, and the shock oscillations appear to be more pronounced when the model is equipped with a conical spike. However, the pulsation flow mode is not observed in the experimental results. The numerical results agree with the experimental results on the unsteadiness of the flow fields. The experimental results obtained in this case also serve as a database for the in-house CFD code validation for such high-speed spiked body flows.
Introduction
The flow field over a high-speed spiked body can be either steady or unsteady depending on the body and spike geometry. Such flows can occur in various aerospace applications including wave drag reduction, [1] [2] [3] supersonic jet inlets with a conical center body, 4) the flow of a jet opposing a highspeed free-stream, 5) etc. For certain spike lengths, shapes, geometries of the shoulders of the afterbody and applied flow conditions, unsteady behavior of the flow fields that is popularly termed as buzz, comprising flow pulsations and oscillations, has been observed by a few researchers in the past. [6] [7] [8] The probable buzz phenomenon in the flow field of a spiked body is schematically shown in Fig. 1 . During the buzz, not only does the separation bubble oscillate between convex and concave shapes, but also undergoes pulsations, changing the shape periodically by inflating and collapsing in the radial direction. Typically, the pulsation mode is observed in the case of shorter spikes (L=D ¼ 0:2 to 1.5) on very blunt afterbodies and the oscillation mode is typical of slightly longer ones (L=D ¼ 1:5 to 2.5) on afterbodies with reduced bluntness. 9) These unsteady phenomena, if existing in the spiked body flow field, would influence the location of the re-attachment point of the flow, and if sustained may prove detrimental to the structural integrity and stability of the vehicle, and may also increase the propulsive system requirement on it. Hence, Ó 2005 The Japan Society for Aeronautical and Space Sciences while using a spiked body, it is essential to ensure that the above-mentioned instabilities do not exist in its flow field. Although there have been several studies over the years to understand the buzz phenomenon at hypersonic Mach numbers, the effect of high-enthalpy, hyper-velocity flows on the instabilities of the separation bubble around spiked bodies is still not very clear. This can be attributed to the high-frequency events and the difficulties involved in collecting data at such high-speed free-streams.
Recently, as a part of the ongoing hypersonics research program in India, we decided to review an appropriate retractable aerospike configuration for a 120 apex angle blunt cone that is generally used in planetary exploratory missions. In view of the above, exhaustive force and heat transfer rate measurements were carried out on the spiked blunt cone with various aerospike configurations at Mach 5.75 in a hypersonic shock tunnel (HST2) at the Indian Institute of Science (IISc), Bangalore.
10) The measurements indicated some instability in the flow fields of the spiked body. In order to probe into these indicated instabilities and ensure that a buzz phenomenon did not exist in the flow fields of the chosen spiked body, we initiated some collaborative experimental studies with the Interdisciplinary Shock Wave Research Center (ISWRC) at Tohoku University in Japan. The visualization of flow fields around spiked bodies has been carried out at Mach 6.99 in a free piston-driven shock tunnel at ISWRC. Though the free-stream Mach numbers in two tunnels were different, the free-stream Reynolds numbers in both of the tunnels were maintained as close as possible.
In addition to the flow visualization experiments at ISWRC, the flow fields of the spiked body were also simulated using an in-house unsteady Navier-Stokes solver. The experimentally visualized pictures are expected to form a valuable database to validate the CFD codes. This paper briefly describes the force measurement results on a largeangle, spiked blunt cone carried out in the HST2 shock tunnel in India, and the flow visualization and numerical results obtained on a geometrically similar spiked body at ISWRC, Japan.
Experiments
The drag force over a 120 apex angle blunt cone with different aerospike configurations was measured at Mach 5.75 in the HST2 hypersonic shock tunnel using an internally mounted three-component accelerometer balance. The typical experimental conditions for this case are given in Table 1 . Figure 2 shows a schematic of the model that was used for the force measurement studies. The accelerometer force balance was housed in a tapered skirt attached to the model base. The rear skirt was simply a housing for the balance, and there was a step between the 120 blunt cone base and the skirt that created flow separation behind the cone and over the entire skirt surface. The model was attached to a central sting using two rubber bushes. During the short run times encountered in the shock tunnel, the model along with the accelerometers moved as a free body, and the resulting accelerations in the axial and vertical directions were measured from the outputs of the corresponding accelerometers. The PCB-Piezotronics accelerometers, with sensitivity and frequency range of 10 mV/g and 1-10 kHz, respectively, were used in the balance. The axial force CðtÞ and normal force NðtÞ on the model were calculated using the following equations: 11) CðtÞ ¼ ½w=g 3 ð1Þ
The aerodynamic drag coefficient C d and lift coefficient C L were computed from these values using the following relations: Fig. 1 . Schematic of hypersonic buzz phenomenon. Table 1 . Nominal test conditions in the IISc (HST2) shock tunnel. After completing drag measurements in the HST2, timeresolved visualization studies of the flow fields around the spiked blunt cone were carried out in the ISWRC free piston-driven shock tunnel at a Mach number of 6.99. The ISWRC free piston-driven shock tunnel is about 13 m long; comprising a high-pressure reservoir (volume of 0.07 m 3 ), 6-m long compression tube (internal diameter of 100 mm with 50 mm wall thickness), a stainless steel shock tube (2.04-m long; internal diameter 38 mm; wall thickness of 20 mm), a Mach 7 conical nozzle, a test section and a dump tank. A 3.078-kg piston is used for compressing the driver gas in the compression tube. Air was used as test gas in the present experiments. The typical test gas, after expansion through the conical nozzle into the test section, consisted of 66.7% nitrogen, 12.94% oxygen and 18.95% nitrous oxide. The nominal test flow conditions in the free pistondriven shock tunnel are shown in Table 2 . Photographs of the model with spikes used for the visualization experiments are shown in Fig. 3 .
Test gas
The flow visualization studies were carried out using a high-speed video camera (IRIS Shimadzu Co., 312 Â 260 pixels, 1 ms minimum interframe, total 100 frames). Different optical techniques such as finite and infinite fringe interferometry, schlieren and shadowgraphy were tried in this study. The high-speed video camera using a conventional schlieren optical set-up gave the best time-resolved images, and hence the same are presented in this paper. For details on the optical set-up, refer a previous report.
12)

Experimental Results
Four types of spikes, two with disc tips and two without discs, as shown in ), a drag reduction of about 40-55% was measured for the flat and hemispherical disc spikes. These two spike configurations were capable of creating a large flow separation zone on the model fore-body, pushing the flow re-attachment point/shock towards the tip of the cone shoulder, and thereby keeping most of the vehicle frontal area under their aerodynamic shadows at lower angles of attack. The flow separation zone is a region of low pressure. The flat aerospike without any disc resulted in a 20% reduction in drag at the zero-degree angle of incidence, while in the case of sharp aerospike, the aerodynamic drag increased at all angles of attack except at the zero-degree angle of incidence since the spike geometries (without discs) were unable to provide an effective aerodynamic shadow to the model fore-body. As a result, the flow re-attachment zone in these two cases shifted inwards, towards the nose of the model and created larger surface pressures. As the angle of attack was increased to 10 , the drag on the spiked body exceeded that of the body without spike in all the cases due to the inward shift in the flow re-attachment point on the fore-body of the blunt cone on Table 2 . Nominal test conditions in the ISWRC free piston-driven shock tunnel. the windward side. The details of the force measurement methodology were exhaustively discussed in a previous report.
10)
From the above results, it is clear that, while the flat disc aerospike provided the maximum reduction in drag, the sharp aerospike was found to be least effective. Although not discussed here, the spike geometries, especially the spike lengths were chosen after exhaustive parametric CFD studies, 13) and those parametric studies indicated that the unity spike length to model base diameter ratio would be appropriate for maximum drag reduction on the body. As far as the sharp aerospike is concerned, it was expected to bring about some drag reduction at the zero-degree angle of attack, unlike what was observed in this case. Probing into this aspect was one of the reasons for planning flow visualization studies.
For the flow visualization studies, only two aerospikes were chosen, namely the flat-disc spike and sharp aerospike. The flat-disc spike achieved maximum drag reduction and is regarded as the best spike geometry for this blunt body. Hence, we wanted to know if any major instability existed in its flow field. The contribution of the sharp spike to drag reduction was only minimal, and we wanted to determine the reason for this. Hence, these two spike configurations were chosen for the flow visualization studies in the ISWRC free piston-driven shock tunnel. Figure 6 shows the flow field around the blunt cone model at Mach 6.99, visualized using double-exposure holography. Since the flow field over the blunt cone without a spike was not expected to be unsteady, time-resolved flow visualization was not carried out for this particular case. The bow shock ahead of the blunt cone can be clearly seen in this picture. Figure 7 shows the time-resolved flow field details around the blunt cone with flat aerodisc spike, visualized using a high-speed video camera at time intervals of 20 ms. The spike length to model base diameter ratio was maintained at unity. As seen in this picture, almost the entire fore-body of the blunt cone is covered under the shadow of the aerodisc and the flow re-attachment point with the attendant re-attachment shock is pushed to the edge of the cone. The flow field pictures were taken once the free-stream attained a steady state in the test section. No appreciable shock wave oscillations or pulsations were observed in this spiked body flow field except for a small alteration in the re-attachment shock shape and position. In fact, no substantial instability or hypersonic buzz phenomenon was observed during the test time over the 120 apex angle blunt cone fitted with the flat aerodisc spike. This substantiates the drag reduction brought about by this particular spike geometry, as discussed above and shown in Figs. 4 and 5. Figure 8 shows the details of the flow field around the blunt cone with the sharp/conical-tipped spike at unity L=D ratio. These details indicate slight oscillations of the flow separation shock on the spike, which impinges on the blunt cone corner. The flow separation is a little retarded with the flow separation shock originating a little downstream on the spike instead of at the spike tip. Considerable instability was observed in the flow re-attachment zone, with the re-attachment shock undergoing small pulsations having inward and outward movements of the re-attachment point/shock at the model corner. Though a large portion of the blunt cone frontal surface is covered by the separated flow, the re-attachment point is at a considerable location on the model surface. The re-attachment shock in this case is quite strong (i.e., almost like a normal shock) due to the direct turning of the external hypersonic flow over the model corner, and though at the corner, the re-attachment shock covers a large part of the surface area on the body. With the retarded flow separation, the angle of the flow separation shock increases, thereby increasing the pressure in the separation bubble. The meager contribution to drag reduction by the sharp spike, noticed in the measured results, could be attributed to the above facts. Though the time resolution of the visualized flow field pictures is fair enough for the analysis, the spatial resolution is not good enough to resolve the features within the separation bubble.
Numerical Simulations
Numerical simulations of the flow fields around the blunt cone with the above spikes were carried out using a laminar axisymmetric unsteady Navier-Stokes solver, based on the finite volume method on a solution-adaptive unstructured quadrilateral grid. 14) These simulations are based on typical free-stream conditions in the ISWRC free piston-driven shock tunnel (ref. Table 2 ). The two-step Runge-Kutta method is used to achieve second-order accuracy in time, and second-order spatial accuracy was obtained using MUSCL-type data reconstruction. Given the data states on both sides of the interface, the inviscid flux through it was solved using an artificially upstream splitting method. 15) Viscous and heat conduction terms were discretized using the central difference method. The grid size in the boundary layer was about 16 mm high, and the aspect ratio of the grid was 2. The isothermal boundary condition was assumed for the model surface and no-slip conditions were specified for the velocity components at the wall surface. The coefficients of viscosity and heat conductivity varied with the temperature following Sutherland's law. The grid used for the simulations is shown in Fig. 9 . The simulated density field around the blunt cone with a flat disc spike is shown at different time intervals in Fig. 10a . The flow over the body attains a steady state about 400 ms after initiation (Frame 9), which is indicated by a steady disc bow shock thereafter. The simulated pictures also do not show any major instability in the flow field of this spiked body, except for some small unsteadiness within the separation bubble behind the disc, which is commonly expected of such flow fields. The shock shapes, the location of the re-attachment point, etc., in the simulated pictures agree well with the experimentally visualized pictures, as shown in Fig. 10b .
Flow over the blunt cone with a sharp spike was simulated for about 1,200 ms, and the time-resolved pictures are presented in Fig. 11a . In this case also, the flow was well estab- lished over the body within 400 ms, but was unsteady almost throughout, with small pulsations of the separation bubble that resulted in continuous re-location of the shear layer re-attachment on the blunt cone shoulder. However, the unsteadiness noticed in the experimental pictures is less than that obtained in the simulation. The agreement in the shock shapes and re-attachment zones between the experiments and simulations is shown in Fig. 11b . The most steady frames were chosen for comparison.
Conclusion
The use of retractable aerospikes as drag reducing devices on a large-angle blunt cone was evaluated in the present study. A three-component accelerometer force balance was used for measuring the wave drag on a 120 apex angle blunt cone fitted with various nose spike configurations, in the IISc hypersonic shock tunnel at a nominal Mach number of 5.75. Results indicate about 40-55% reduction in drag for the blunt cone using flat and hemispherical aero discs at lower angles of attack (up to $5
). While it is true that substantial drag reduction is possible with aerospikes, the occurrence of hypersonic buzz on a given spike configuration could prove detrimental to the aerodynamic performance of the vehicle since this brings about severe pressure oscillations on the surface. Flow visualizations in conjunction with high-resolution numerical techniques have been employed to understand the buzz phenomenon in high-enthalpy environments. The time-resolved results of flow visualization reveal no appreciable buzz phenomenon over the spiked body at a stagnation enthalpy of 4.8 MJ/kg, though some shock oscillations and flow instabilities were observed in the flow re-attachment zones along the body. The simulated results (Axisymmetric N-S) for the body equipped with a sharp-tipped spike exhibited a small-scale buzz phenomenon in the flow field at a stagnation enthalpy of 4.8 MJ/kg.
